The maize weevil, Sitophilus zeamais, is an insect pest infesting rice and corn seeds. We identified an aspartic proteinase (AP) digesting rice glutelin in the alimentary tract of S. zeamais. The mRNA encoding the AP (SAP1) was expressed in the larvae foregut and in the adult midgut. These results indicate that SAP1 is probably digestive enzyme of S. zeamais.
The immense damage to crops caused by herbivorous insects is a serious problem. Sitophilus zeamais, which belongs to the order Coleoptera, infests rice and corn seeds during storage. The insect consumes starch and proteins in rice seeds to grow and to lays eggs inside the seed. Some papers have reported the existence of digestive enzymes in the insect gut by identification of their proteins and cDNA clones. [1] [2] [3] We have found cathepsin L-like cysteine proteinase (SCP) in the alimentary tract of S. zeamais. 4) On the other hand, plants produce proteinase inhibitors to protect their seeds against insect attack. 4, 5) These substances impede the nutritional metabolism of insects by inhibiting their digestive enzymes. 6) Our group and others have found cysteine proteinase (CP) inhibitors, termed phytocystatins, in several plant seeds. [7] [8] [9] [10] [11] Oryzacystatins, which are expressed in maturing rice seeds, were the first well-defined phytocystatins; their endogenous targets are oryzains, the main CPs involved in the digestion of rice storage proteins 12, 13) but S. zeamais can grow and propagate inside rice seeds regardless of the presence of oryzacystatins. This suggests the existence of another type of a digestive proteinase that is not sensitive to cystatin.
First, the cDNA fragment encoding the AP was amplified from the total RNA of S. zeamais larvae using degenerate primers corresponding to the conserved sequences of other APs. Three degenerate primers, S1, S2, and AS1, corresponding to the conserved sequence of cathepsin D-like APs, were used in amplification of the SAP cDNA fragment. The sequences of the three primers were as follows: S1, 5
Only one fragment was obtained, and its full-length cDNA was amplified by 3 0 -and 5 0 -RACE. One putative AP clone, designated SAP1, was obtained. It comprised signal, pro, and mature regions containing 16, 37, and 336 amino acid residue, respectively (accession no. AB457169). The SAP1 was 70% identical to the cathepsin D-like AP of the red flour beetle, which also belongs to the order Coleoptera, similarly to the cathepsin D of mammals, fish, and birds ( Fig. 1) .
Next the temporal expression pattern of the SAP1 mRNA was examined at various growth stages of S. zeamais, including larva, pupa, and adult, by northern blot analysis. The signal was strongest for the adult samples ( Fig. 2A) . The distribution of SAP1 mRNA was examined by in situ hybridization by the method of Matsumoto et al. 4) Full-length SAP mRNA was used as the probe. A strong signal was detected in the larval foregut and the adult gastric caeca and midgut ( Fig. 2B1, 3) .
In order to detect the proteolytic activity in the alimentary tract of S. zeamais, we prepared acid extracts from the alimentary tracts of adults and larvae according to the method of Matsumoto et al., 14) and incubated the extracts with 0.2% BSA at pH 2.5. The acid extracts from adults containing BSA were digested to a limited extent. The BSA was digested into small polypeptides approximately 20 kDa in the absence of proteinase inhibitors. This limited digestion was inhibited by the addition of pepstatin A (Fig. 3A) . In the case of acid extracts from the larval alimentary tract, most BSA was digested to a limited extent into polypeptides of various sizes. The digestion of BSA was significantly inhibited in the presence of pepstatin A, and was completely inhibited in the presence of both pepstatin A and E-64 (Fig. 3B ). This indicates that the proteolytic activity of the acid extracts from the larval alimentary tract was primarily due to the AP. Since the proteolytic activity of adult is lower than that of larvae, CP activity might not be detected under this condition.
The minor activity of cysteine proteinase (CP) was probably due to SCPc1, which is expressed in the alimentary tract and is completely processed to the mature enzyme at pH 2.5 to generate proteolytic activity under identical acidic conditions. 14) Collectively, the results indicate that the major BSA-digesting activity of In the alimentary tract, both SAP and SCP were expressed. The enzymatic characteristics of the two proteins are different with regard to the patterns of pH sensitivity. SAP digested hemoglobin below pH 4.0, though its optimum pH is below pH 2.5. On the other hand, the activity of SCP against hemoglobin was detected between pH 2.5 and 4.5, with an optimum at pH 3.5.
14) The pH of the insect alimentary tract ranges from weakly acidic to weakly alkaline regions, although it varies depending on the species. The pH of the alimentary tract of S. zeamais has not been determined, but it remains low in the calliphorine midgut, where pepsin-like enzyme activity has been detected. 8, 14) SAP and SCP might cooperate in digesting dietary proteins between pH 2.5 and 4.5.
We incubated acid extracts from the larval alimentary tracts with glutelin, a major rice storage protein. This resulted in the degradation of two glutelin subunits of 30 and 33 kDa by both AP and CP to form 27-and 25-kDa polypeptides (Fig. 3C) . Considering the inhibitory effects of pepstatin A and E-64 on proteolytic activity, we think that the major glutelin-digesting activity is probably due to AP and that the involvement of CP in the partial digestion of glutelin subunits is negligible, if there is any. This suggests that AP and CP function as digestive enzymes in the S. zeamais alimentary tract.
The putative pro region of SAP cDNA was ligated in the pUC18 vector, and the construct was transformed into Escherichia coli strain YA21. The transformant produced a polypeptide of approximately 47 kDa, larger than the molecular mass (41,744 Da) calculated using the deduced proSAP1 cDNA sequence (Fig. 3D) . This protein was used to immunize a rabbit, and we obtained polyclonal antibodies after affinity purification. Western blot analysis of the acid extracts from the alimentary tract of adult insects using these anti-SAP1 antibodies A, Temporal expression of SAP1 mRNA was determined by northern blot analysis. Total RNA was extracted from the whole body of the larva, pupa, and adult, and 10 mg of each sample was loaded into the gel. Hybridization was performed using full-length SAP cDNA. The lanes marked L, P, and A contained samples from larva, pupa, and adult respectively. B, The distribution of SAP1 mRNA was examined by in situ hybridization. The expression of SAP1 in the alimentary tract of larva is shown in panel 1 and that of adult in 3. The sense probe was used as the control in panel 2 and 4. Significant signals detected in gut are indicated by parentheses. revealed a main band corresponding to 47 kDa, which is the size of the recombinant proSAP1 expressed in E. coli (Fig. 3E) . This indicates that the SAP1 is expressed in its pro-form in the alimentary tract. However, two potential N-glycosilation sites exist in SAP1, and it is likely that the 47 kDa band is also due to a glycosylated protein in a mature form. In addition a faint band was observed, suggesting the molecular variation of SAP1 protein.
In this study, we detected AP activity in the alimentary tract of S. zeamais. S. zeamais is resistant to proteinase inhibitors and can digest diverse dietary proteins by expressing different types of proteinases. Further insight into the digestive enzymes of this insect pest should help in developing useful inhibitors for insect pests and also in decreasing the damage to crops caused by phytophagous insects. 
